Human hepatocellular carcinoma (HCC) is one of the most common cancers worldwide. In this work, we report on a comprehensive characterization of gene expression profiles of hepatitis B viruspositive HCC through the generation of a large set of 5-read expressed sequence tag (EST) clusters (11,065 in total) from HCC and noncancerous liver samples, which then were applied to a cDNA microarray system containing 12,393 genes͞ESTs and to comparison with a public database. The commercial cDNA microarray, which contains 1,176 known genes related to oncogenesis, was used also for profiling gene expression. Integrated data from the above approaches identified 2,253 genes͞ESTs as candidates with differential expression. A number of genes related to oncogenesis and hepatic function͞differentiation were selected for further semiquantitative reverse transcriptase-PCR analysis in 29 paired HCC͞noncancerous liver samples. Many genes involved in cell cycle regulation such as cyclins, cyclin-dependent kinases, and cell cycle negative regulators were deregulated in most patients with HCC. Aberrant expression of the Wnt-␤-catenin pathway and enzymes for DNA replication also could contribute to the pathogenesis of HCC. The alteration of transcription levels was noted in a large number of genes implicated in metabolism, whereas a profile change of others might represent a status of dedifferentiation of the malignant hepatocytes, both considered as potential markers of diagnostic value. Notably, the altered transcriptome profiles in HCC could be correlated to a number of chromosome regions with amplification or loss of heterozygosity, providing one of the underlying causes of the transcription anomaly of HCC.
H epatocellular carcinoma (HCC) ranks the eighth in frequency among human cancers worldwide, mainly in Asia, Africa, and southern Europe. HCC usually develops on a background of chronic inflammatory liver disease caused by viral infection that induces cirrhosis and exposure to chemical carcinogens (1) . At the molecular level, structural alterations of oncogenes͞tumor suppressor genes as a result of hepatitis B virus (HBV) insertion were reported in isolated cases, whereas the mutation of codon 249 of the p53 gene was suggested to be induced by aflatoxin B1 (AFB1) with an Arg-to-Ser substitution and abnormality of the folding of the DNA-binding domain (2) . However, the frequency of p53 mutations is only 10-20%. Recently somatic mutations of the ␤-catenin gene and AXIN1 gene were found among less than 30% patients with HCC (3, 4) . Somatic mutations of other known tumor suppressor genes and functional alteration of oncogenes in primary HCC were reported rarely as primary events. Therefore, the molecular mechanisms underlying HCC in most patients remain unclear.
Over the past few years, systematic efforts have been made to approach the genetic abnormalities of human cancers mainly in two ways: screening for chromosomal regions with frequent allelic imbalance using microsatellite analysis (MSA) genotyping and comparative genomic hybridization (CGH), suggestive of tumor suppressor genes or oncogenes, respectively (5, 6) , and analysis of gene expression profiles (7) . Previously, aberrant trans-activation properties of the HBV-X gene products were postulated to play a role in the transformation in HCC. Nevertheless, only very recently systematic survey of the overall gene transcripts expressed in a given cell͞tissue type, or transcriptome, became feasible because of the Human Genome Project. In the present work, a large amount of expressed sequence tags (ESTs) from HCC and corresponding noncancerous liver with HBV infection (hereafter termed paired HCC͞liver) samples was generated and compared. The gene expression profiles also were analyzed with cDNA arrays both homemade and commercially available.
Materials and Methods
Patients and Tissue Specimens. The paired HCC͞liver specimens for cDNA library construction, EST sequencing, cDNA microarray analysis, MSA, and CGH were obtained from four patients with HBV-positive and ␣-fetal protein-expressing primary HCC during surgery. Particular attention was paid to obtain the ''core'' part of the tumor to avoid the adjacent noncancerous tissue, as proved by histopathological examination. Additional paired HCC͞liver specimens were derived from 29 patients with HCC. All the HCC samples corresponded with differentiation grades II-III of the disease according to the Edmondson grading system. All sample collections were obtained with informed consent. Tissues were kept frozen at Ϫ80°C immediately after separation.
DNA and RNA Extraction. Genomic DNA was prepared by SDSproteinase K and the phenol-chloroform extraction method (8) . Total RNA was extracted from frozen tissues by using TRIzol reagent following the protocols of the manufacturer (GIBCO͞ BRL). The selection of poly(A) ϩ RNA from total RNA was performed by using oligo(dT) according to protocol (Qiagen, Chatsworth, CA).
cDNA Library Construction. An equal quantity of poly(A) ϩ RNA from four primary HCC, and the four corresponding noncancerous liver specimens were mixed into two separate pools (HCC and noncancerous liver). The cDNA library construction was performed by using Uni-ZAP XR vector system by oligo(dT)-primed and directionally cloned procedure according to the recommended protocol from Stratagene.
DNA Sequencing and Bioinformatics Analysis. DNA sequencing, quality assessment, and bioinformatics analysis were performed as described (9) . Clustering of the 5Ј ESTs was performed by using CAT 3.5 from Pangea (Oakland, CA) with default parameters.
cDNA Microarrays. Nylon membrane-based cDNA microarrays were prepared by using Spotter (BioRobotics, Cambridge, U.K.) containing clones from the present work and other tissue resources and the internal controls (9) (10) (11) (12) . The procedures for probe preparation, hybridization, washing, scanning, and signal intensity normalization of the spots were performed also using a previously described method (10) . The hybridization experiments were quadruplicated for each specimen, and the results were combined. The differential expression was considered as significant between HCC and noncancerous liver when the ratio of signals between the same spots on different membranes was greater than 2. The Atlas human cancer 1.2 array from CLONTECH containing 1,176 genes was used also to approach the gene expression profiling.
MSA and CGH. MSA was performed according to the method described by Wang et al. (13) . CGH was carried out with modified methods described by Kallioniemi et al. (14) and analyzed with CYTOVISION software (Applied Image, Ltd., U.K.). The signals detected were considered as with high level amplification or significant loss if there were imbalanced ratios of cancerous to reference DNA either greater than 1.5 or less than 0.5.
Semiquantitative Reverse Transcriptase (RT)-PCR.
To confirm and further address the differential display at transcription levels among paired HCC͞liver samples, the semiquantitative RTPCRs for a selected number of genes͞ESTs ( Fig. 1) were performed according to a previously described method (15) .
Chromosome Mapping. A number of genes͞ESTs of interest were mapped to chromosomes by searching UniGene, GeneMap 99, and the human genome database (http:͞͞www.ncbi.nlm.nih.gov).
Statistical Analysis. The statistical analysis was performed as described previously (ref. 16 ; http:͞͞igs-server.cnrs-mrs.fr) for comparing gene expression profiles based on EST data of our own, and of human fetal (Lib.168 and Lib.1026, 2,172 clusters in total) and adult (Lib.155, 2,636 clusters generated) livers published in GenBank.
Results

Overview of EST Sequencing and cDNA Microarray Analysis for the
Gene Expression Profiles of Paired HCC͞Liver. After eliminating repetitive elements, mitochondrial DNA, and ambiguous sequences, a total of 33,474 sequences from paired HCC͞liver samples were analyzed further and grouped into known genes (21, 625, 64 .6%), known ESTs (7, 253, 21 .7%), and previously uncharacterized ESTs (4,596, 13.7%) by searching GenBank and human database of ESTs (data may be accessed by going to http:͞͞www.ncbi.nlm.nih.gov or http:͞͞www.chgc.sh.cn). Those sequences were integrated into 11,065 clusters, of which 3,695 (33%), 3,740 (34%), and 3,630 (33%) corresponded to known genes, database of ESTs, and previously undescribed ESTs, respectively. The gene expression profiles, based on EST data from either HCC or liver, reflected well the functional characteristics of liver, because the majority of the 20 genes with the highest expression level according to EST copy numbers were hepatocyte-specific markers (Table 1) . For a number of gene͞EST species with relatively high expression in either HCC or liver, the copy numbers were used to evaluate the up-or down-regulation status (P Ͻ 0.05). Then, a homemade cDNA microarray format with 12,393 clusters, including 11,065 of HCC͞liver origin and 1,328 from other tissue resources (10-12), was used in four independent experiments with probes derived from the four paired HCC͞liver samples. Similar experiments were performed by using the Atlas human cancer 1.2 array containing 1,176 known genes related to oncogenesis. When all data from the above three resources (13,210 clusters) were integrated, a catalog of candidate genes͞ESTs was generated containing a total of 884 (6.7%) up-regulated and 1,369 (10.4%) Fig. 1 . The results of semiquantitative RT-PCR against 54 genes͞ESTs in 29 paired HCC͞noncancerous liver samples. The markers were selected either because of their possible relationship to cell proliferation, apoptosis, and angiogenesis or on the basis of their differential expressions between HCC and noncancerous liver. The total RNAs were extracted from the above tissues and used for gene-specific RT-PCR with coamplification of ␤-actin as internal control. The expression levels of specific genes͞ESTs in HCC were folded according to the ratio of the band density of HCC to that of non-HCC after the quantity of ␤-actin control was normalized as 1. The values given are the averages of results from three experiments. The clustering analysis was performed by using the software CLUSTER, kindly provided by Dr. Eisen. Tables 4-6 and Fig. 3 , which are published as supporting information on the PNAS web site, www.pnas.org).
down-regulated in HCC (see
Expression of HBV Genes in HCC Versus
Liver. Forty-one ESTs matched to the DNA sequence of HBV. Seventeen ESTs corresponding to X protein and 21 corresponding to DNA polymerase were found in noncancerous liver, whereas only 1 hit of X protein and 2 hits of DNA polymerase were found from HCC, implying that HBV tends to be down-regulated at the transcriptional level in hepatocarcinogenesis. With semiquantitative RT-PCR, 14 of 29 patient samples had X protein expression over 2-fold higher in noncancerous liver than in HCC, whereas only 2 of 29 showed significantly higher expression in HCC tissues ( Fig. 1 , P Ͻ 0.01). In addition six transcripts, four of DNA polymerase and two of X protein, exhibited sequence variations. All these were deletions of 18-aa residues (54 bp) located in different sites of the genes (for detail, see Tables 4-6 and Fig. 3 ). Table 2 shows a catalog of genes involved in hepatic functions but with altered expression in HCC. 6-Phosphofructokinase-1, the rate-limiting enzyme in the glycolysis pathway, was increased as in most human cancers. In contrast, a majority of the enzymes involved in respiratory chain, glycogen synthesis, amino acid, and lipid metabolism were down-regulated. A number of liver-synthesized functional proteins such as albumin, transferrin, and coagulation factors were decreased. Of note, some enzymes implicated in biotransformation such as CYP family members and the glutathione S-transferases were decreased. When the gene expression profiles of HCC͞liver were compared with human fetal liver (Lib.168 and Lib.1026) and adult liver (Lib.155), published in GenBank, a number of genes from HCC such as ␣-fetal protein, fetal liver CYP450, and CYP450IID were found expressed in fetal liver but not in normal adult liver. Genes such as CD34, erythropoietin receptor, myeloid cell nuclear differentiation antigen (MNDA), early development regulator 2, and placental protein 15 (PP15), which are associated with hematopoiesis or embryonic development and hence are markers of fetal liver, also were encountered in HCC.
Change of Liver Function͞Differentiation in HCC.
Deregulated Signal Pathways Associated with Oncogenesis. According to EST and cDNA array data, a number of genes (oncogenes and tumor suppressor genes) and signal pathways associated with cell proliferation, cell cycle, apoptosis, and angiogenesis were deregulated in hepatocarcinogenesis (Table 3) . A relatively large scale semiquantitative RT-PCR then was performed in 29 additional paired HCC͞liver samples (Fig. 1) . Increased expression was observed on genes involved in DNA replication, such as topoisomerase 2a and replication protein A3. Of note, some cyclins (A2, B1, E1, and G1) and cyclin-dependent kinases (CDK1, -8, -9, and -10) were found to be overexpressed. However, cyclin D1, another key component, was down-regulated in most patients. The expression levels of several cell cycle negative regulators, namely p27, p53, and Pten, were decreased in a significant number of patients. In the Wnt-␤-catenin pathway, an expression of ␤-catenin and Wnt 2b was seen in some patients, whereas E-cadherin was under-expressed in most patients. Deregulated apoptosis also might be involved in hepatocarcinogenesis. For example, growth arrest-specific 2 was down-regulated remarkably in a some patients with HCC. Angiogenesis may be enhanced in hepatocarcinogenesis, because vascular endothelial growth factor was highly expressed in HCC cells, whereas thrombospondin-1 and -2, both inhibitors of angiogenesis, were down-regulated. Notably, several ESTs (AV698527, AV681468, AV652699, and AV697773) showed significant expression in most HCCs, whereas others (AV683086 and AV649564) were down-regulated. Whether these ESTs represent genes playing a role in HCC pathogenesis is worth further study. As shown in Fig.  1 , gene expression profiles may reveal two clusters. In one cluster a significant up-regulation was observed in XPR-1, AV652699, AV697773, p38, MAPK6, c-jun, Rb, and p15, whereas in the other N-ras overexpression was more prominent. A stepwise regression analysis was performed to distinguish those genes with most characteristic expression profiles of HCC. When the selection level was 0.05 (i.e., the probability of genes related to hepatocarcinogenesis is 95%), the multiple regression analyses [y ϭ 0.5967 Ϫ 0.3825 ϫ (growth arrest-specific 2) Ϫ 1.3986 ϫ (myeloid cell First 20 known genes expressed highly in HCC and corresponding noncancerous liver (non-HCC) leukemia sequence 1) ϩ 2.3162 ϫ (topoisomerase 2a) Ϫ 0.7668 ϫ (AV683086) ϩ 0.7232 ϫ (cyclin A 2 )] indicated that over-regulated topoisomerase 2a and cyclin A 2 as well as down-regulated growth arrest-specific 2, myeloid cell leukemia sequence 1, and EST AV683086 might contribute to hepatocarcinogenesis.
Correlation Between Gene Expression Profiles and the Genomic Im-
balance. To investigate the relationship between genomic imbalance and transcript levels, CGH and MSA were performed for four paired HCC͞liver samples, of which the gene expression levels were examined by using EST cataloging and cDNA microarray. The results revealed that there are genomic gain͞amplification on chromosomes 1q, 8q, and 13q, whereas a loss of heterozygosity is revealed on chromosomes 4q, 8p, 16q, and 17p by CGH and MSA analysis (data not shown). Then, genes͞ESTs that might be up-or down-regulated in HCC according to the EST copy number and cDNA microarray data were mapped to different chromosomes by searching UniGene, the human genome database, and GeneMap 99 (http:͞͞www.ncbi.nlm.nih.gov; Fig. 2) . The results indicated that on chromosomes 1q, 8q, and 13q with genomic gain͞amplification a high proportion of genes͞ESTs was found with significant overexpression (46.8, 32.6, and 39.5%), whereas the number of genes with significant down-regulation was low (6.4, 6.9, and 5.2%; P Ͻ 0.01 to Ͻ0.05, as compared with the average percentages of genes with up-and down-regulation, respectively). The situation on chromosomal regions 4q, 8p, 16q, and 17p with potential loss of heterozygosity was just the opposite in that they harbored a much higher number of down-regulated genes (35.5, 60.0, 47.9, and 27.1%) but a significantly lower percentage of overexpressed genes (6.5, 2.5, 8.3, and 1.7%; P Ͻ 0.01 to Ͻ0.05 when compared with average control levels). A selected number of genes on these regions of interest also were subject to semiquantitative RT-PCR, and the expression levels of all of them were confirmed to correlate with the imbalanced genomic status of the chromosomal regions.
Expression Levels of Transcription Factors.
The fact that the expression levels of some genes in chromosomes with genomic imbalance were not in line with the DNA copies suggested existence of regulation at a distinct level such as the transcriptional control. We therefore checked all transcription factors with altered expression levels (for detail, see Tables 4-6 and Fig. 3 ). Of note, hepatic tissue-specific transcription factors such as hepatocyte nuclear factor 4␥ were found lowly expressed.
Discussion
It is generally accepted that although the number of genes with mutation is limited in a cancer, a great number of genes in related pathways may be affected at the expression level, and this aberrant gene transcriptional expression network should be essential in the initiation͞maintenance of the malignant phenotype. The transcriptome analysis of human cancer by using EST strategy, cDNA microarray, oligonucleotide microarray, as well as serial analysis of gene expression, known as the cancer genome anatomy project, thus may provide important clues for understanding oncogenesis. In this work, the differences in gene expression profiles between HCC and noncancerous liver were characterized in large scale to explore the potential HCC molecular pathogenesis. Our data basically showed two categories of gene expression profile modification. The first one mainly affects those genes involved in the liver function and͞or differentiation status of hepatocytes. Although 6-phosphofructokinase-1 was increased, which is in agreement with increased glycolysis as seen in many cancers, a large number of genes participating in the metabolism of glucose, lipids, and amino acids and those responsible for the liver-synthesized proteins were down-regulated. In addition to the overexpression of ␣-fetal protein, also found among most HCC patients in the present study, dozens of gene͞EST markers reminiscent of embryonization or dedifferentiation of hepatocytes were noted. Although most of those features may reflect the consequences of the liver cell transformation and thus are unlikely to play an essential role in carcinogenesis, some of them may be used as clinical diagnostic markers, especially when combined with the proteomics analysis (17) . An interesting finding was that many enzymes for biotransformation were down-regulated, leaving the question open of whether this phenomena simply represents an altered liver function or whether it could be involved in the HCC pathogenesis. A second type of gene expression alteration, in contrast, may cover a number Glutathione S-transferase 2
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of regulatory pathways responsible for the control of cell proliferation, differentiation, and apoptosis. The abnormality of these pathways therefore may represent a network required for the multistep process in HCC development. Previously, analysis on several individual signal transducers was reported and genes such as p53-p21waf1͞cip1 (18) , MAPK, Jak͞Stat (19) , TGF-␤ (20) , and Wnt pathways (4) were considered as being potentially implicated in mechanisms associated with HCC. It may be interesting to note that all these features were revealed in the present work. Importantly, more components were related to these crucial pathways through our comprehensive analysis. For example, around the cell cycle control, not only negative regulators such as p27, p53, and Pten were found with reduced expression, but also many cyclins and cyclindependent kinases were identified as being overexpressed. The combination of these events may drive the hepatocytes into a cell proliferation. However, cyclin D1, another key component of the cell cycle, was down-regulated in majority of HCC samples while significantly overexpressed in most of breast cancers (21) . The activation of the Wnt-␤-catenin pathway is also worth noting, because mutations of two mutually interactive components of this pathway, ␤-catenin and AXIN1, have been reported in some patients with HCC (3, 22) . It has been shown that the accumulation of ␤-catenin in the presence of Wnts or caused by slowed degradation of the mutant protein may give cells a growth advantage. Moreover, down-regulation of E-cadherin, a membrane protein that binds and thereby blocks the biological activity of ␤-catenin, results in an increased release of ␤-catenin into cytoplasm. Of note, increased expression of ␤-catenin, Wnt2b, and Wnt5a as well as decreased expression of E-cadherin was found in some HCC samples, whereas the pattern wasn't observed in other tumors such as prostate cancer (23) . Hence, it is possible that the disturbance of the Wnt-␤-catenin pathway also is generated through aberrant transcriptional expression. On the other hand, the clustering analysis of the expression profiles in our study suggests that some pathways such as mitogen-activated protein kinase could be involved only in a subset of patients, indicating the presence of the heterogeneity in the molecular pathogenesis of HCC. Interestingly, in addition to a long list of known genes with aberrant expression profiles, we found that a number of ESTs were deregulated in most HCC samples. The genes represented by them might be contributed to hepatocarcinogenesis. AV698527, a potential oncogene candidate harboring on chromosomal amplification region, was overexpressed in most HCC samples. Conversely, AV683086, with downregulation in HCC, was mapped to a chromosomal loss of heterozygosity region in which a tumor suppressor gene candidate might be localized. Therefore, molecular cloning of the corresponding genes and characterization of their functions should be a logical task in the next step of the work. Several factors may cause aberrant gene transcriptional abnormalities in HCC. Previously, HBV-X gene products with aberrant trans-activation properties were postulated to play an important role in malignant transformation (24) . The mutation of HBV-X protein, possibly accumulated during chronic viral infection in hepatic cells, as also found in this study might change its transactivation properties and antiproliferative activity (25) . However, the fact that the expression level of HBV-X was lower in HCC than in the noncancerous liver among most cases suggests that this protein could play a role in hepatocellular carcinogenesis in a hit-and-run manner. Recently many groups including our own identified nonrandom chromosomal regions with amplification or loss of heterozygosity in HCC, which may cause a change of gene dosage (13, 26) . We therefore attempted to integrate gene expression data with MSA and CGH evaluation. Indeed, on amplified chromosomes such as 1q, 8q, and 13q the percentages of genes͞ ESTs with above 2-fold overexpression were significantly higher (32.6-46.8%) than that of the average level (6.7%), whereas on regions with allelic deletion (4q, 8p, 16q, and 17p) those with obvious down-regulation were higher (27.1-60.0%) as compared figure (10.4%) . In addition, aberrant gene expression profiles may also be ascribed to the change of the transcriptional regulation. In this work we found a low expression level of the hepatocyte nuclear factor 4␥, a relatively hepatic-specific transcription factor. This may explain the decreased level of a number of CYP450 family members, which are known as target genes of hepatocyte nuclear factor 4␥ (27) . In short, an overview of the transcriptome status of hepatocellular carcinogenesis may lay a foundation for the further research on the mechanisms of this cancer of utmost clinical and biological significance. 
